NusA, a modulator of RNA polymerase, interacts with the DNA polymerase DinB. An increased level of expression of dinB or umuDC suppresses the temperature sensitivity of the nusA11 strain, requiring the catalytic activities of these proteins. We propose that NusA recruits translesion DNA synthesis (TLS) polymerases to RNA polymerases stalled at gaps, coupling TLS to transcription.
DNA is damaged from a variety of endogenous and exogenous sources, which can result in a variety of cellular problems including cell death (12) . All organisms have mechanisms of DNA repair and DNA damage tolerance to help them to survive DNA damage (12) . One important mechanism of DNA damage tolerance is translesion DNA synthesis (TLS), a process in which a specialized DNA polymerase copies past DNA lesions that block the highly accurate, stringent replicative DNA polymerases. Although certain TLS polymerases can catalyze proficient DNA synthesis across from cognate lesions, they have reduced fidelity on undamaged templates (11, 16) . TLS polymerases are conserved throughout all domains of life, with the majority being members of the Y family of DNA polymerases (37) . Escherichia coli has two Y-family DNA polymerases, DinB (polymerase IV [Pol IV]) and UmuDЈ 2 C (Pol V).
DinB (termed DNA Pol kappa in eukaryotes) is the only Y-family polymerase found in all domains of life, yet despite its striking conservation, the role of DinB in vivo is still incompletely understood. E. coli DinB is known to be involved in the phenomenon of untargeted mutagenesis (4) and adaptive mutagenesis (19) , and when expressed at increased levels, it causes an increase in Ϫ1 frameshift mutations (22) . It was recently discovered that ⌬dinB strains are sensitive to the DNA-damaging agents nitrofurazone and 4-nitroquinolone-1-oxide and that DinB preferentially and accurately bypasses certain N 2 -dG adducts (21, 24, 32, 51) . This ability to preferentially bypass these N 2 -dG adducts is conserved evolutionarily (21) , suggesting a possible reason for the conservation across all domains of life. Additionally, DinB has been shown to incorporate oxidized nucleotides (50) and possess lyase activity (42) and was suggested to be involved in replication-arreststimulated recombination (29) . Intriguingly, mammalian Pol kappa has been implicated in nucleotide excision repair and was proposed to function in the patching or gap-filling step (36) . Given that improper access to DNA or misregulation by increased levels of expression of TLS polymerases can be mutagenic under normal conditions, it is extremely important that TLS polymerases are properly regulated. In E. coli, dinB and umuDC are both transcriptionally induced as part of the SOS response to DNA damage (12) . In addition, the activity of UmuC is controlled by an elaborate posttranscriptional regulatory process that includes the RecA-mediated cleavage of its partner UmuD to UmuDЈ and interactions with the ␤ processivity clamp and RecA (12, 31, 46) . DinB also interacts with the ␤ clamp, and its activity has recently been shown to be controlled by the umuD gene products and RecA (14) . Both DinB and UmuC also interact with the molecular chaperone GroEL (8, 14, 48) .
A DinB affinity column assay used to search for potential DinB-interacting proteins within lysates of cells that constitutively express the SOS response found that UmuD, UmuDЈ, and RecA physically associate with DinB (14) . An extension of this study (14) , by binding purified recombinant His 6 -HMK (heart muscle kinase)-DinB to an Ni 2ϩ -charged affinity resin to generate a DinB affinity column, identified NusA as being a potential interactor, as determined by N-terminal sequencing (Fig. 1A) . However, identification of protein interaction partners by affinity methods can lead to a high frequency of falsepositive interactions (9, 38) . Furthermore, confirmation of an interaction by other methods does not necessarily imply any relevance in vivo. Here, we report that NusA, long known to be an RNA polymerase-associated factor, physically interacts with DinB and that nusA genetically interacts with both dinB and umuDC. These unexpected findings suggest additional biological roles for NusA besides modulating RNA polymerase function.
NusA is an essential protein that functions in both the termination and antitermination of transcription and is thought to be associated with the RNA polymerase throughout the elongation and termination steps of transcription (6, 10, 17, 25, 26, 28, 40) . Originally reported in 1974, NusA forms an antitermination complex with the N protein that is required for successful phage infection (13) and was recently found to form a shield with the Q protein to protect the emerging transcript from termination mechanisms (41) . NusA is highly conserved throughout bacterial and archaeal domains of life; however, to date, no eukaryotic sequence or functional homolog has been identified.
To test whether the interaction between DinB and NusA detected by affinity chromatography is direct or indirect, we performed a far-Western experiment using cell lysates expressing NusA and NusA derivatives (30) (Fig. 1B and Table 1 ). As shown in Fig. 1C , our observations indicate that DinB and NusA do indeed interact and that they do so directly. Interestingly, the C-terminal 263 amino acids of NusA, which seem to be especially important for the interaction with DinB, are also implicated in binding to RNA polymerase (30) , implying that this region is involved in the binding of both RNA polymerase and DinB. We also used cellulose filter peptide arrays to search for peptides of NusA that might potentially interact with DinB. Filter peptide arrays containing 12-mer peptides of NusA each overlapped by two residues were probed with purified recombinant DinB ( Fig. 2A) or were performed without a DinB incubation step (Fig. 2B) . Interacting peptides were then mapped to a homology model of NusA based on the Thermotoga maritima crystal structure (43) (Fig. 2C) . Interestingly, we found that one potential DinB binding region of NusA encompasses several surface residues around the site of the temperature-sensitive mutation of the nusA11 allele (33).
While some peptides found to potentially bind to DinB are located within the C-terminal 263 amino acids of NusA, consistent with the far-Western results, others are found outside of this region. Further study will be required to define the exact details of how DinB and NusA interact, but it is possible that there are multiple contact sites since neither the far-Western approach nor the peptide array approach takes into account the full tertiary structures of the proteins. Nevertheless, the peptide array data led us to consider the possibility that elevated levels of DinB might stabilize the NusA11 protein, resulting in dinB ϩ serving as a multicopy suppressor of the temperature sensitivity of a nusA11 strain. We found that an increased level of expression of DinB, from a low-copy-number plasmid under the lac promoter, indeed suppresses the temperature sensitivity of the nusA11 strain and does so by approximately 3 orders of magnitude (Fig. 3A) .
Although this multicopy suppression could have resulted from DinB stabilization of the NusA11 protein, it could also have resulted from DinB functioning as a TLS DNA polymerase. To distinguish between these possibilities, we tested the Table  1) were separated by SDS-polyacrylamide gel electrophoresis, transferred onto a polyvinylidene difluoride membrane, and probed with 32 P-labeled His 6 -HMK-DinB as previously described (14, 45 abilities of various dinB derivatives to serve as a multicopy suppressor of nusA11. Strikingly, we found that DinB requires its catalytic activity to act as a multicopy suppressor of the nusA11 temperature sensitivity, as shown by the failure of a nusA11 strain to grow at 42°C when harboring pdinB003, which encodes catalytically inactive DinB(D103N). Furthermore pdinB⌬␤, which encodes a truncation mutation of DinB eliminating its ␤ processivity motif (7), and pdinB(F13V), which encodes a variant of DinB that can catalyze DNA synthesis but not across N 2 -adducted dG residues in vitro (21) , also fail to support growth of the nusA11 strain at 42°C (Fig. 3A) . These observations indicate that the suppression of the temperature sensitivity of the nusA11 strain by DinB requires not only DinB's ability to catalyze DNA synthesis and to interact with the processivity clamp but also its ability to perform TLS. Western blotting experiments showed that the various dinB mutants were expressed as well as dinB ϩ (Fig. 3E) , and none of the above-mentioned plasmids affected the growth of a nusA ϩ strain (Fig. 3B) . It is possible that the interaction with DinB is also stabilizing the NusA11 protein, but if so, this stabilization is not sufficient to account for the multicopy suppression that we have observed.
Our discovery that the TLS function of DinB is necessary for the multicopy suppression of the nusA11 temperature sensitivity prompted us to test whether umuD ϩ C ϩ could also function as a multicopy suppressor. Using a plasmid with umuD ϩ C ϩ under its native promoter with an operator constitutive mutation (o 1 c ) on a medium-copy-number plasmid, pDC, we found that elevated levels of the umuDC gene products indeed increase the level of survival of the nusA11 strain at 42°C by approximately 4 orders of magnitude (Fig. 3C) . The difference in suppression between dinB and umuDC may reflect a qualitative difference, but it may also be explained at least in part by the differences in the vector and promoter used for expression. Neither of the umuD gene products alone, pD or pDЈ, under the operator constitutive promoter (o 1 c ), can support growth of the nusA11 strain at 42°C, indicating that UmuC function is required for the multicopy suppression of the nusA11 strain. Similar to the suppression by DinB, the suppression of nusA11 strains at 42°C requires UmuC's catalytic activity. This is shown by the fact that the temperature sensitivity of a nusA11 strain cannot be suppressed by pDC(101), which encodes catalytically inactive UmuC(D101N), or by pDC(⌬␤), which encodes a variant of UmuC that is deficient for binding to the ␤ clamp. It also requires the autoproteolytic activities of UmuD, shown by pD(S60A)C, which encodes a noncleavable UmuD variant. However, to our surprise, pDЈC, which directly expresses UmuDЈC from the plasmid, does not support growth of the nusA11 strain at 42°C, suggesting that both UmuD and UmuDЈ must be present along with UmuC for the multicopy suppression to occur. Interestingly, UmuD and UmuDЈ form a heterodimer that is considerably more stable than the UmuD 2 or UmuDЈ 2 homodimer (1), raising the possibility that the UmuD ⅐ UmuDЈ heterodimer may be required for the multicopy suppression by umuDC. Alternatively, the additional methionine used to initiate the translation of UmuDЈ in our pDЈC construct may alter the ability for multicopy suppression. pDC(122), which encodes a truncation of the UmuC protein that results in hydroxyurea resistance (15), also does not support growth at 42°C, implying that the requirements for hydroxyurea resistance are not the same for multicopy suppression (Fig. 3C) . Additionally, Western blotting experiments show that the various mutant umuDC gene products are expressed at least as well as umuD ϩ C ϩ (Fig. 3E ) and that they do not alter the growth of nusA ϩ strains (Fig. 3D ). In summary, we find that NusA, an essential E. coli protein, physically interacts with the DNA polymerase DinB in addition to its well known RNA polymerase contacts. We have shown that peptides implicated in DinB binding form distinct patches on the NusA surface, including residues around the site of mutation of the nusA11(Ts) allele. Furthermore, elevated levels of expression of dinB ϩ or umuD ϩ C ϩ result in a multicopy suppression of the temperature sensitivity of the nusA11(Ts) strain. For both of these translesion DNA polymerases, this multicopy suppression requires their catalytic activities as well as their ability to bind to the ␤ clamp.
Taken together, our results suggest the existence of a previously unsuspected cellular process involving physical and genetic interactions between an important RNA polymerase modulator and translesion DNA polymerases. Furthermore, the fact that the lethality of a nusA11 mutant at 42°C can be suppressed by elevating the level of expression of either of two translesion DNA polymerases implies a hitherto unrecognized role for NusA in DNA repair and/or DNA damage tolerance. Such a role for NusA might be an additional reason that the nusA gene is present in all bacteria and archaea.
What type of molecular mechanism could account for these unanticipated results? We propose that by binding to DinB or some complex involving UmuC and the umuD gene products, NusA can couple the process of transcription to the process of TLS to enable transcription-coupled TLS (TC-TLS) in a manner analogous to the coupling of transcription to nucleotide excision repair during transcription-coupled repair (TCR). In principle, a process of TC-TLS could be helpful when tran-
Peptides of NusA which bind to DinB encompass the site of the nusA11 temperature-sensitive mutation. (A) One-hour exposure of a cellulose filter peptide array consisting of 12-mer peptides scanning the primary sequence of NusA, with each peptide being offset by two residues from the previous sequence (MIT CCR Core Facility), probed with 150 nM purified recombinant DinB, and developed with an anti-DinB antibody as described previously (34) . Recombinant DinB was purified as previously described (3). Red boxes highlight peptides that interacted with DinB and were mapped onto the homology model described below (C). (B) One-hour and 15-min exposures of a control peptide array, which was performed as described above (A) except without a DinB incubation step. (C) Mapping of interacting peptides onto a homology model of NusA. NusA residues are shown in green, interacting peptides are shown in blue, and the temperature-sensitive mutation of the nusA11 allele is shown in red. The NusA homology model, constructed with SWISS-MODEL, is based on the crystal structure of full-length NusA from Thermotoga maritima, with the N terminus of NusA at the top. FIG. 3 . DinB or umuDC acts as a multicopy suppressor of the nusA11 temperature sensitivity. (A) Survival of nusA11 strains harboring plasmids at 30°C versus 42°C. nusA11 cells (SEC29) harboring plasmids containing dinB ϩ and dinB derivates (Table 1) were allowed to reach saturation in LB plus ampicillin (100 g/ml) at 30°C, diluted (1:100) into LB supplemented with ampicillin and IPTG (isopropyl-␤-Dthiogalactopyranoside) (1 mM), and again allowed to reach saturation. The cultures were then diluted in M9 salts and plated onto LB agar plates supplemented with ampicillin and IPTG, preheated to either 30°C or 42°C, and incubated at the respective temperature; CFU/ml on plates growing at 30°C and 42°C were then scored. Shown are pWSK29, the empty vector; pdinB ϩ ; pdinB003, which encodes a catalytically inactive DinB; pdinB⌬␤, which encodes a truncation mutation of DinB eliminating its ␤ processivity motif; and pdinB(F13V), which encodes a variant of DinB that can catalyze DNA synthesis but not across N 2 -adducted dG residues (in vitro). (B) Survival of nusA ϩ strains (P90C) harboring the same set of plasmids as described above (A) at 30°C versus 42°C, showing that these plasmids do not confer any growth phenotypes in a wild-type background. (C) Survival of nusA11 strains harboring plasmids at 30°C versus 42°C. umuDC suppression assays were performed as described above for the dinB suppression assays except that IPTG was omitted. Shown are pBR322 (empty vector); pDC oc (pumuD ϩ C ϩ , operator constitutive promoter); pD, which carries only umuD; pDЈ, which expresses only UmuDЈ; pDC(101), which encodes a catalytically inactive UmuC; pDC(⌬␤), which encodes a variant of UmuC with the ␤ binding motif mutated to alanines; pD(S60A)C, which encodes a noncleavable UmuD variant; pDЈC oc , which contains UmuDЈC under the operator constitutive promoter; and pDC(122), which encodes a truncated variant of UmuC. (D) Survival of nusA ϩ strains harboring the same set of plasmids described above (C) at 30°C versus 42°C, showing that these plasmids do not confer any growth phenotypes in a wild-type background. (E) Western blots demonstrate that dinB and umuDC derivatives are stably expressed as well as dinB ϩ or umuD ϩ C ϩ . nusA11 cells harboring plasmids described above (A) were grown as they would be grown for multicopy suppression assays except that cells were harvested, lysed with lysozyme, and treated with DNase I (Sigma). Fifteen micrograms of total protein of each lysate was loaded onto a 4 to 20% SDS-polyacrylamide gel. After electrophoresis, proteins were transferred onto a polyvinylidene difluoride membrane and probed with an anti-DinB antibody, under Western conditions described previously (2) except with the addition of a high-salt (0.5 M NaCl) wash after incubation with the secondary antibody. Antibodies against UmuD and UmuC can detect plasmid-borne protein levels only after SOS induction. Thus, the expression of umuDC under the conditions used for nusA11 multicopy suppression cannot be detected by Western blotting. In order to check that the different mutants used were stably expressed compared to the wild type, AB1157 cells harboring plasmids described above (C) were irradiated with UV to induce the SOS response, and Western blot assays were then performed as described previously (2) . VOL. 191, 2009 NOTES 669
at NORTHEASTERN UNIV on February 12, 2010 jb.asm.org scription becomes stalled by gaps in the transcribed strand that are opposite lesions in the nontranscribed strand. Such gaps can be caused by lesions that cannot be bypassed by the replicative DNA polymerase. On the lagging strand, gaps are generated by replication resuming at the site of the next Okasaki fragment, while a replication restart can generate similar gaps on the leading strand; gaps formed in this manner are estimated to average about 1,000 nucleotides in length (18, 20, 23, 39) . Alternatively, gaps opposite lesions could also be formed by UvrABC-dependent nucleotide excision repair if two lesions are very close together but on opposing strands or by UvrABC-dependent incisions during the repair of an intrastrand cross-link (12) . In the latter two cases, the gaps would be smaller, 12 to 13 nucleotides (12). DinB has recently been shown to be capable of accurately filling the gaps that could be generated during the repair of N 2 ,N 2 -guanine intrastrand cross-links (24) , an observation that might help rationalize the involvement of DNA Pol kappa in mammalian nucleotide excision repair (36) .
We hypothesize that if an RNA polymerase encounters one of these gaps in the transcribed strand opposite a lesion, it would stall. In this case, NusA, which is associated with the RNA polymerase throughout the elongation phase of transcription, might then recruit a TLS polymerase to fill in the gap in the template strand (Fig. 4) . Repairing the gap would permit the transcription of the gene by subsequent RNA polymerases, possibly even by the original RNA polymerase if it is retained during the process as in TCR. TC-TLS would provide a way of prioritizing the use of the cell's TLS resources to maximally benefit transcription in the same way that TCR prioritizes nucleotide excision repair resources to maximally benefit transcription.
The mechanism of TC-TLS that we are proposing is unrelated to the phenomenon of template strand gap bypass that was characterized previously (27, 52) . It has been shown that two phage RNA polymerases and E. coli RNA polymerase are capable of bypassing a small gap in the transcribed strand, thereby generating faithfully transcribed, but internally deleted, mRNAs that would be nonfunctional in most cases. Although T7 RNA polymerase can bypass a template strand gap of up to 24 nucleotides, E. coli RNA polymerase only inefficiently bypasses a 1-nucleotide gap and generates the equivalent of a Ϫ1 frameshift mutation in the process (27, 52) . Many of the gaps that we are considering would be too large to bypass in this fashion, and the mechanism which we are proposing would usually result in the production of biologically functional mRNAs.
If a process of transcription-coupled TLS does exists, and if it is universal, as most DNA repair and DNA damage tolerance processes tend to be, it might be of particular importance for mammals, where some mRNAs can take many hours to transcribe (47) , so the consequences of encountering a template gap late in the transcriptional process would be severe. Alternatively, NusA may be important for the recruitment of DinB to serve as the polymerase in the patching step of nucleotide excision repair that takes place during transcription-coupled repair, as has been implicated for DNA Pol kappa in eukaryotes (36) .
